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Abstract: We present a simple and robust approach that uses the overall rotational diffusion tensor as a
structural constraint for domain positioning in multidomain proteins and protein—protein complexes. This
method offers the possibility to use NMR relaxation data for detailed structure characterization of such
systems provided the structures of individual domains are available. The proposed approach extends the
concept of using long-range information contained in the overall rotational diffusion tensor. In contrast to
the existing approaches, we use both the principal axes and principal values of protein’s rotational diffusion
tensor to determine not only the orientation but also the relative positioning of the individual domains in a
protein. This is achieved by finding the domain arrangement in a molecule that provides the best possible
agreement with all components of the overall rotational diffusion tensor derived from experimental data.
The accuracy of the proposed approach is demonstrated for two protein systems with known domain
arrangement and parameters of the overall tumbling: the HIV-1 protease homodimer and Maltose Binding
Protein. The accuracy of the method and its sensitivity to domain positioning are also tested using computer-
generated data for three protein complexes, for which the experimental diffusion tensors are not available.
In addition, the proposed method is applied here to determine, for the first time, the structure of both open
and closed conformations of a Lys48-linked diubiquitin chain, where domain motions render impossible
accurate structure determination by other methods. The proposed method opens new avenues for improving
structure characterization of proteins in solution.

Introduction observed are often averaged by domain motions, which could

Structural organization of multidomain proteins and protein ~ '€nder these data uninterpretable.
protein complexes is a subject of constant interest in structural  The introduction of long-range, orientational constraints
biology. Structural characterization of these systems, however, derived from molecular alignme¥ftor anisotropy of molecular
presents a significant challenge, because the existing methodgumbling’® opened new avenues for structure characterization
for structure determination, X-ray crystallography and nuclear of macromolecular systems. The orientation-sensitive NMR
magnetic resonance (NMR), rest on the assumption of a uniquemeasurements (spin relaxation, residual dipolar couplings) are
conformation and, therefore, could be inadequate when applieduniquely suited for providing structural information about
to inherently flexible systems. Indeed, domain mations, naturally domain organization within a protein, due to the availability of
occurring in a multidomain protein in solution, are completely Mmultiple reporter groups (e.g.,-\H bonds) with well-defined
restricted in crystals. Moreover, packing forces could result in orientation within each domain. Thus, the concept of orienting
a positioning of protein domains in a crystal structure that might domains in a protein based on orientation of the principal axes
not represent the physiologically relevant conformation (see Of diffusion or alignment tensors of the whole molecule
examples in refs 44). NMR has an obvious advantage in that “reported” by the individual domains, proposed in refs 1, 9 and
molecules can be studied in their native milieu. The challenges Schematically illustrated in Figure 1, proved indispensable for
for NMR characterization of multidomain systems are due to Structure characterization of multidomain proteins. Provided the
the f0||owing factors: (1) the conventional NMR approaches structures of individual domains in the monomeric state are
based on the nuclear Overhauser effect (NOE) are of limited available and no significant backbone perturbations occur in
applicability because of the scarcity of close interatomic contacts the context of the multidomain system, this approach allows

between the domains, and (2) the interdomain NOEs that areProper orientation of the domains in the molecule by a simple
rigid-body rotation. Demonstrated examples range from deter-
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Domain Domain
alignment positioning

Figure 1. Schematic illustration of the proposed concept of domain positioning based on the rotational diffusion tensor. Provided the structures of the
individual domains are available, the interdomain orientation is determined first, and domains are oriented by a rigid-body rotation thatcaligespibnding

principal axes (shown as sticks) of the overall diffusion tensor of the complex “reported” by the individual domains, as detailed él$édilis
procedure, however, does not define the relative domain positioning in the molecule. For example, although the interdomain orientation ithbesame f
domain arrangements (a) through (d), only in (a) is the overall rotational diffusion tensor (red ellipse) consistent with both the magnituatadiot ofie

the experimental diffusion tensor. In these drawings a dashed ellipse schematically represents the experimentally determined diffusitieressar, w

solid red ellipse represents the actual diffusion tensor for a given protein shape/structure. Because the NMR relaxation data sense not afly the rate
tumbling but also the orientation of the rotation axes relative to each domain, the relaxation-based approach should be self-sufficient fasitwoper p

of the domains within a molecule.

mining interdomain orientation in protein*9-15 to monitoring The overall tumbling properties of a molecule in solution
conformational changes in these systems induced by ligandreflect its size and shape and therefore contain important
binding!1 or pH conditionst?14.15 Despite these advances in  information about the domain arrangement within the molecule.
determining interdomain orientation in a protein, accurate Recently developed NMR methods allow accurate measurement
domain positioning remains a significant challenge, due to the of rotational diffusion tensors of proteid%2* In addition,
deficiency of the information on the interdomain contacts. This computational approaches are now available for reliable predic-
problem can be circumvented by docking approathé% tion of these tensors directly from protein structud®® As
combining information on interdomain orientation with the mentioned above, the existing structural approaches based on
interface mapping; the obvious limitation of these methods when diffusion or alignment tensors so far have been focused on
applied to multidomain systems is that they imply the existence determining interdomain orientation. The interdomain distances
of a single conformation. Moreover, docking methods are basedand relative domain positioning with respect to each other have
on surface complementarity and, naturally, have limited ap- remained undetermined. This information, critical for complete
plicability when the contact surfaces change in the course of structure characterization of multidomain systems, is encoded
domain movement. It has also been proposed to complementboth in the principal values and in the orientation of the overall
NMR with small-angle scattering data (X-rays or neutrons) in rotational diffusion tensor. However, it has not been utilized
order to address the domain positioning probféi#?. thus far.

Here we extend the concept of using long-range information
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tensor. Applications of this method to various proteins demon- Table 1. Comparison of the Diffusion Tensors Derived from

: PP : : Experimental Data (exptl) and Calculated for the Resulting
strate that, given the structures of individual protein domains, g o (calcd)?

the proposed approach provides a complete characterization of

domain organization (orientation and positioning) of a protein, MBP HIV-Lprotease _Uby closed Uz, open
thus fully utilizing the informational content of the overall protein exp  calod expl  caled expl caled exptl caled
diffusion tensor. Di[10°s™] 081 0.79 133 134 153 160 153 161
Dy [107s7Y 083 084 141 141 173 161 173 163
Methods D,[107 s 1.08 1.08 185 187 220 228 220 227
In the method proposed here, individual domains are positioned with angles
. . . . exptl o X calcd 1.74 9.65 5.3r 16.73
respect to each other such that the resulting rotational diffusion tensor Yexptl 1 yealed 1ow 068 1195 2766
provides the best possible match to the experimentally obtained zexp g scalcd 131 0.86 1083 22.0F

diffusion tensor, as schematically illustrated in Figure 1. For theoretical
calculation of the overall diffusion tensor for a given protein structure aShown are the principal components of the tensors and the angles
(domain arrangement) we use an ellipsoidal representation of the proteinbetween the corresponding principal axes, as indicated.

shape, based on the principal component analysis (PCA) of a solvent-

accessible protein surface, implemented in our computer program The testing of the proposed approach also included three protein
ELM.26 The diffusion tensor of such an ellipsoid is then computed using complexes with unknown overall diffusion tensor parameters: the
exact equation¥.28 Comparison with experimental data (NMR, fluo-  barnase-barstar complex (PDB code 1BRS G120R mutant of human
rescence) shows that this method provides good accuracy in predictinggrowth hormone (hGH) in complex with the extracellular domain of
protein rotational diffusion tensors and is sufficiently fast to be the growth hormone receptor hGHbp (PDB code 1%p2and a
implemented in an iterative search progr#mrhis algorithm is complex of protein Z with an in vitro selected affibody (PDB code
implemented in an in-house Matlab program that, for a given structure, 1LP134). The rotational diffusion tensors for these complexes (Sup-
compares all components of the overall diffusion tendofacd porting Information) were predicted from their atom coordinates using
calculated using PCA, with those of the experimentally measured the PCA-based methdd These computer-generated diffusion tensors
diffusion tensorD®®!, and searches for the domain arrangement that were then used to reconstruct the complexes and to explore the values

minimizes the value of the target function:

= 1)

caled __ ~expth2
(O] Dij
.3

j=i.3

of the target function, eq 1, as a function of the relative displacement
of the domains from their original position. Thus these three complexes
serve as control examples of protein systems where the diffusion tensors
are “known exactly”.

Finally, to demonstrate the utility of our method in the case of domain

It should be noted that such a criterion simultaneously matches both Motions, we analyzed Lys48-linked diubiquitin system, where mutual
the principal values and principal axesf andDe*®!, because the domain positioning of ubiquitin domains was not characterized thus
rates and the preferred axes of molecular tumbling both depend on thefar- For the individual ubiquitin (Ub) domains in diubiquitin (k)twe
domain positioning within a molecule. No additional terms (like, e.g., used the NMR solution structure of monomeric Ub determined by
penalty for proteir-protein overlap) are currently included in the target Cornilescu at at® (PDB code 1D3Z, where we clipped the flexible
function, eq 1; thus the method outlined here should be considered aC-terminus beyond Arg72). As shown earffefthe backbone structure
proof-of-principle rather than a complete structure determination of each Ub domain in Uhis practically identical to that of an isolated
procedure. The current implementation uses a simplex method of UP- The complete rotational diffusion tensor of 14nd the mutual
exhaustive search in a three-dimensional space of Cartesian coordinatedomain orientations at pH 6.8 were obtained previosly.
describing the relative position of one domain with respect to the other. ~ Domain alignment based on the orientations of the principal axes
The ability to determine relative orientation of the domains indepen- Of the overall rotational diffusion tensor has already been described in
dently of this procedufé1%14simplifies the search, as only translational ~ detail earliert»*101415Therefore here we address only the problem of
degrees of freedom associated with the relative domain positioning are domain positioning. Domains in all proteins analyzed here (except for
involved. Ub, which is a special case discussed below) are considered immobile,
To evaluate the accuracy of the proposed method and its sensitivity and their mutual arrangement in the molecule is known. Thus, in this
to domain positioning, we applied it here to five protein systems with Study we keep the mutual domain orientations in the above complexes
known domain arrangement. For two of these proteins, HIV-1 protease fixed (as determined in the original structui¥>* or for Ub, in ref
and maltose binding protein (MBP), the overall rotational diffusion 15) and adjust only their relative positioning, by a simple translation
had been characterized experimentally. For HIV-1 protease we usedOf one domain with respect to the other in order to minimize the target
the NMR solution structure published by Yamazaki e®4PDB code function.
1BVG) and the components of the rotational diffusion tensor (Table  Ubiquitin units in Ul exhibit significant reorientations (ona10
1) determined by Tjandra et #1For MBP we used the NMR structure ~ ns time scale) between two distinct Atwnformations, closed and open,
derived by Mueller et & (PDB code 1EZP). The orientation of MBP’s  With the former being predominantly populated (90%) at neutratpH.
rotational diffusion tensor with respect to the molecular reference frame As shown in refs 15 and 36, domain motions in2\dan be described
of the protein was not available from the publisA&d relaxation study. by a simple model of interconversion (exchange) between the two states,
Thus, to obtain a complete overall diffusion tensor of MBP we While the overall rotational diffusion tensor of the protein remains
reanalyzed raw NMR relaxation data from that pjisee Supporting practically the same for both open and closed states. Thus, in the present
Information). analysis we simultaneously positioned Ub domains for both open and
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Figure 2. Comparison of the structures of (a,b) HIV-1 protease and (c,d) maltose binding protein determined using the proposed method with their NOE-
based NMR structures. Shown is the backbone of the original (green) and fitted (blue) structures. To emphasize the relative shift of the demains, thes
structures are positioned here such that their centers coincide and the relative orientation of the diffusion tensors axes is as obtainedljisim Teeana
superimposition minimizing the rmsd between the original and fitted structures is shown in the Supporting Information. Red rods represeipiatieexpsnc

of the experimentally obtained diffusion tensor, and cyan rods correspond to the principal axes of the diffusion tensors calculated for ghetmestult@s.

All molecular drawings in this paper were made using MolN¥fol.

closed conformations of Upand the corresponding contributions to it possible to use the overall rotational diffusion tensor as an
the target function from the two conformations of the chain were experimental constraint in protein structure determination.
weighted by their occupation probabilities. Application to HIV-1 Protease and Maltose Binding

It should also be noted that hydration of proteins in aqueous solution protein. To demonstrate the accuracy of the proposed method
has a pronounced effect on their diffusion properties. We have shown we reconstructed the mutual domain arrangement in two differ-
prevnously that a monolayer of water molecules covering the §urface ent protein systems, the HIV-1 protease and maltose binding
of a protein can account reasonably well for the available experimental . . . . .
data on rotational diffusion of various prote#sThus, to model the protein, for V\,IhICh the three—dlm_ensmnal structures and expeti-
hydration layer effect we assumed that the surfaces of all proteins in Mental diffusion tensors are available (see Methods). HIV-1 pro-
this study are covered with a monolayer of water molecules: i.e., the {€ase is a natural homodimer complex. MBP is a single-chain

thickness of the hydration layer in the PCA-based calculations was setProtein that folds into the N-terminal and C-terminal domains

to 2.8 Az comprising residues-6109 and 264309 (N-terminal part) and
_ _ 114-258 and 316370 (C-terminal part). For each of these
Results and Discussion proteins, we let the search algorithm find the relative positions of

their domains that give the best agreement with the experimen-
éally obtained diffusion tensors. As shown in Figure 2, the pro-
posed method reproduces the domain arrangement in these
proteins with remarkable accuracy (see also Supporting Infor-
mation). The only difference between the original HIV-1 pro-
tease structure and the structure obtained by our method is in a
small displacement: both HIV-1 domains in the fitted structure
are shifted by about 0.5 A with respect to the original structure
t (Figure 2a,b). The root-mean-square deviation (rmsd) of 0.36
A between the original and best-fit structures is within the
eprecision range of the original ensemble of NMR structures that
has an rmsd of 0.6 A. The principal values and the orientation
(37) Ortega, A.; Garcia de la Torre, 3. Am. Chem. SoQ005 127, 12764~ of the principal axes frame of the overall diffusion tensor are
12765. both reproduced with very high accuracy (Table 1).

The key idea of the proposed approach is to find the domain
arrangement that provides the best possible agreement with th
overall rotational diffusion tensor derived from experimental
data. This is achieved via an exhaustive search featuring
computation of the overall diffusion tensor at each step (see
Methods). Until recently, such an approach was impractical
because the existing algorithms for prediction of the rotational
diffusion tensor from protein structiffewere too slow to be
implemented in an efficient search algorithm. The developmen
of fast methods for diffusion tensor predictiéf®’ allowing a
more than 2 orders of magnitude speedup in calculations, mad
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For MBP, the shift between the original and fitted domain Comparing the dependence of the target functigh,on
positions (Figure 1c,d) is larger (about 2 A), although the domain displacements along the principal axes of the diffusion
agreement between the principal values of the experimental andtensor (Figure 3), it is evident that the sharpest minima
back-calculated rotational diffusion tensors is comparable to that correspond to shifts along thg-axis of the tensor, while
for HIV-1 protease, and even significantly better for the noticeably broader minima are associated with domain shifts
orientations of the diffusion tensor axes (see Table 1). Neverthe-along the other two axe¥,andY. To quantify this observation,
less, the rmsd of 1.3 A between the original and fitted MBP in all examples shown in Figure 3 the estimated confidence
structures is still within the experimental precision of the intervals in theZ-direction are approximately a factor of 2
ensemble of NMR structures, which has the rmsd of 2.3 A. The narrower than those in thé andY directions; the latter being
greater discrepancy in domain positioning for MBP can be due comparable with each other (see caption to Figure 3). Note that
to several factors. First, the experimental MBP structure has the principal components of the diffusion tensor are ordered
greater structural noise compared to HIV-1 protease. Second,such thatD, < Dy < D,. A shift of one of the domains along
MBP is a 370 residue protein that is about twice as big as the the Z-axis, i.e., in the direction of the largest component of the
HIV-1 homodimer (2x 99 residues). Thus, larger absolute shifts tensor, causes elongation or shortening in the shape of the
(0R) in domain positions for MBP could result in smaller relative  molecule and, hence, primarily affects the anisotr@py; 2D/
changesoD/D, in the overall rotational diffusion tensor (recall (D, + D,), of the tensor, whereas shifts in the perpendicular
thatD O R ~3 whereRis the “size” of the protein, henatD/D directions K or Y) will primarily alter its rhombicity,R = 3A(D,

U OR/R). Last but not least, these results could reflect differences — p,)/[2DA — 1)], which reflects deviations from the axial
in the accuracy and precision of the experimentally determined symmetry of the molecule. The sharpgkminimum in the
rotational diffusion tensors for the two proteins. In fact, the Zz.direction (Figure 3) suggests that the anisotropy of the overall
diffusion tensors derived from NMR relaxation data are prone (iffusion tensor is more sensitive to domain positioning than
to errors originating from the experimental noise as well as from its rhombicity. This observation is in agreement with our
the assumptions made in the data analfsté3%For instance,  computational analysi&of a large set of monomeric proteins,

the derivation of the MBP's diffusion tensor assumed a single which suggests that the anisotropies of diffusion tensors are
rigid structure of the protein, which could be an oversimplifica- ysyally better defined than their rhombicities.

tion if domain motions are present. Diubiquitin Chain Structure. The results presented above

In order to test the performance of our method in t“he ideall, encouraged us to apply the proposed method to Lys48-linked
case when the diffusion tensor components are known “exactly”, gy hiquitin, where the actual structures of the conformers were

we repeateq the same procedurg, .this time using the diffusion;,nknown. At neutral conditions, Utexists in dynamic equi-
tensor predicted based on the original structure (instead of t,helibrium between two conformations, referred to here as “closed”
exper_lmental ten_s_or) to guide the assembly of the correspondmgand “open”, which differ in their occupation probabilities (90%
proteins. In addition to HIV-1 protease and MBP, we applied 5,4 1094, respectively) and the relative orientations of Ub
this procedure to three protein complexes (see Methods andyg,4inst> Based on the spectroscopic détathe closed

Supporting Information), for which the experimental diffusion -, rmation of Ubis characterized by a well-defined Ub/Ub

tgnsors were not avallqble. In all these “ideal” cases, the re,su,lt'nginterface formed by the hydrophobic surfaces (residues Leus,
fitted structures were in excellent agreement with the original lle44, Val70) of both ubiquitins, while no such interface was

'Ist;uctur(ta_s, W'Tt_?] the rmsl? vlaluels (;)elow CiOtl ﬁ](SUpport'ngfdetected in the open conformation. In a previous study we
tE o(rjma |qn). _?_se_resu s ¢ eaLyb emdons :ﬁ e“t € ?cmtjr?cyol determined the relative orientations of Ub domains in both Ub
€ domain positioning approach based on the “true=rotational ., ntormers based on their orientation with respect to the

diffusion tensor. principal axes frame of the overall diffusion tend®We have

Sensitivity to Domain Positioning and ConvergenceThe demonstrated that in the case of Athe overall tumbling and
values of the target function3, eq 1) for HIV-1 protease and  ,main reorientations can be considered statistically indepen-

MBP, plotted as a function of the domain’s displacement (Figure e 1 4 first approximation, and thus deconvoluted from each
3a and b, respectively) clearly demonstrate a well-pronounced e Ths is possible because the overall shape of the molecule
smgle mlnmum.(.:orrespondm.g tothe opgmal domain’s position, onq hence the overall diffusion tensor remain practically the
which thus justifies the obtained domain arrangement and theSame for both open and closed states of.Ukhat analysis

stability of the fitting procedure. This conclusion is further however provided no information about relative positions of
supported by similay? profiles obtained for the other three the domains with respect to each other. The method proposed
protein complexes (sge Methods. and $upporting Informatiop). here allows us to properly position Ub domains by matching
In. a!l the cases.studled .here, displacing one of the dqmamsthe experimentally determined overall rotational diffusion tensor.
within a cube with the side of 20 A centered at the original Figure 3¢ shows the profile gf? as a function of the relative
domain’s position resulted in the convergence to the original domain positioning in Up The resulting structures are shown
structure. Thus, even adopting a very conservative point of view, in Figure 4a,b, and the comparison between the diffusion tensors
we can cgnclude that the proposed method, base.d on the tar.ge(tjerived from the experimental data and calculated for the fitted
function in eq 1, ensures convergence to a single domain
arrangement even when the initial domain displacement from
the optimal domain arrangement is as bigtd9 A (an interval

comparable to the size of a typical protein domain).

structures is presented in Table 1. It should be mentioned that
the difference between the experimental and best-fit tensors for
Ub, is somewhat bigger than that for the HIV-1 protease and
MBP control examples. This reflects a reduced experimental
(38) Fushman, D.: Ghose, R.: Cowburn, . Am. Chem. So000 122, p_recis_ion in the diffu_sion tensor o_f Lg_ibdue to several reasons.
10640-10649. First, in order to avoid self-association of Yihe experiments
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(a) HIV-1
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Figure 3. Dependence of the normalized target funct'yg%(fmn, on domain displacements (in A) along the principal axes of the experimentally determined
diffusion tensors: (a) for the HIV-1 protease, (b) for MBP, and (c) for @bpH 6.8. White dots in the center of each panel mark the location of the
¥?-minimum corresponding to the fitted domain positions. White perimeters mark 68% confidence intervals obtaineg?dyotinedary method’ The
estimated confidence intervals (in A) along tKg,Z-axes, respectively, are for HIV-1:—[L.8, 1], [-2, 1], [-1, 0.3]; for MBP: [-3.1, 1.3], 1.7, 1.7],

[-1, 1.1]; and for Ub: [—2.5, 4], [-3.9, 3.7], F-2, 1.9].

were performed at low protein concentrations (284),12 which be averaged out as a result of an oversimplification introduced
could have affected the precision of the experimental relaxation by the two-state approximation made in the relaxation data
data. Second, Utexhibits large-amplitude domain reorientations analysis’®

on a time scale comparable to the overall tumbling. Thus, despite  Verification of Diubiquitin Structures. Unlike the control

the separability of the corresponding correlation functits, examples considered above (including HIV-1 protease and
the contributions from the overall and domain motions to the MBP), the actual structure of Whin solution is unknown.
measured relaxation rates are convoluted, which inevitably However, several lines of evidence suggest that our results are
reduces the precision in the derived diffusion tensor. Moreover, in agreement with the existing experimental data. First, the
due to its low occupation probability~(10%) the open structure of the closed conformation (Figure 3a) agrees with
conformation of Ub is less well Samp|ed than the closed the chemical shift perturbation dé&a(not included in the
conformation. The reduced precision and accuracy of interdo- calculations here) indicating that residues Leu8, lle44, and Val70
main orientation in the open conformation would then explain form the interdomain interface in YbMutations in these

the bigger angles between the principal axes of the experimentalres'd”es have been shown to significantly weaken thg closed
and best-fit diffusion tensors for this conformation (Table 1). conformation of Ub** Second, the values of the radius of

It should be mentioned here that the Aftiructures in Figure ~ 9yration predicted for the Ubstructures in Figure 4a,b using
4a,b represent an averaged conformation of the chain in eachCRYSOL®(17.3-17.9 A and 17.6-17.6 A for the closed and

part_lcular state, pecause any smaller-amplitude m_terd_omaln 9) Varadan, R.: Assfalg, M.. Raasi, .. Pickart, C.. Fushmaral. Cell
motion present in each of these states would inevitably 2005 18, 687—698.
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Figure 4. Structures of the (a) closed and (b) open conformations of Lys48-linke@t jiH 6.8 obtained using the proposed approach and their comparison
with the existing structural data: (c) the crystal structticf Ub, at pH 4.5 and (d) the solution structure of the JWHBA complex® at pH 6.8 (the UBA

domain is shown as a thin gray ribbon). The distal domain is colored blue, and the proximal domain is green. The location of the hydrophobic stch residu
Leu8, lle44, and Val70 of both Ub domains is shown in a ball-and-stick representafjatq@s, colored gold). In panels (a) and (b), the rods represent

the principal axes of the experimentally determined diffusion tensor (red) and the diffusion tensor calculated for the resulting structurBtexdyien)
C-terminal residues 7376 are not shown in (a), (b). Note that no constraints related to direct interdomain interaction were included in the calculations
shown here.

open conformers, respectively) are in excellent agreement withthe closed conformation of Yhn solution obtained here and
the value 17.4t 0.8 A experimentally determined by small- the Uk crystal structure, with the backbone rmsd of 2.4 A for
angle X-ray scattering Third, the derived structures are also the elements of secondary structure. Most important for the
in agreement with the paramagnetic relaxation enhancementsproposed method is that our calculation placed the two Ub units
observed in the proximal Ub domain as a result of site-directed at a distance very similar to that in the crystal structure, with
paramagnetic spin labeling of the distal dom#if® The the centers of mass of the ubiquitins being 23.0 A apart in Figure
reconstructed position of the unpaired electron of the spin label 4a and 23.4 A apart in Figure 4c. The difference in domain
(see ref 15 for details), based on the closed conformation, is atorientation between the two structures can be represented as a
a distance of 8.2 A from the Catom of residue 48 of the distal  30° rotation of one of the domains with respect to the other (or
Ub, in good agreement with its expected location (Supporting 10° rotation for the distal and 21for the proximal), which is
Information). Last but not least, in both Wistructures, the  within the precision of the interdomain orientation in the closed
flexible C-terminus of the distal Ub (not shown in Figure 4a,b) conformationts It should be pointed out that Wlis inherently
is positioned sufficiently close to Lys48 of the proximal Ubin  flexible and its conformation in solution is pH-depend&t
order to form the isopeptide bond between the two Ub domains Therefore, the closed conformation of 44t pH 6.8 in solution
in Ub; (note that no constraints were included in the calculation is not expected to match exactly the structure of the chain in
to reflect the presence of the Blub linker). crystals grown at a different pH (pH 4.5). The fact that no closed
It is also instructive to compare the Wbtructures obtained  ¢gnformation has been observed in solution at pHR&Bggests
here with those observed under different conditions: the crystal tnat the crystal structure of Wkcould be a result of crystal
structure of Ub (PDB code 1AAR?) and the Ubcomplex with  hacking forces. Taking this into consideration together with the
the C-terminal UBA domain of hHR23a (PDB code 1286 fact that no information about interdomain contacts was included

As one can see from comparison of Figure 4a,b with Figure j, our calculation, the observed agreement between the two
4c,d, these latter structures resemble the closed and OPerstryctures is remarkable.

conformations of Upderived by our method. Indeed, a direct

. - . . A comparison with the structure of the JOUBA complex
superimposition (not shown) gives a fair agreement between

(Figure 4d) reveals structural/mechanistic details of the con-
(40) Svergun, D. I.; Barberato, C.; Koch, M. H.Jl.Appl. Crystallogr.1995 formational changes in Yhaccompanying UBA binding. In

28, 768-773. i i ; i i
(41) Tenno, T.; Fujiwara, K.; Tochio, H.; lwai, K.; Morita, E. H.; Hayashi, H.; particular, the UBA ms.emon .S.hlf.ted Ub l.”.ms a.Way from each
Murata, S.; Hiroaki, H.; Sato, M.; Tanaka, K.; Shirakawa, ®&nes Cells other compared to their equilibrium positions in the unbound
2004 9, 865-875. . ; P
(42) Cook. W. J.- Jeffrey, L. C.. Carson, M.: Zhijian, C.: Pickart, C..MBiol. Uby: the dlstgnce between the cent_ers of_the ubiquitins |ncrea_15ed
Chem.1992 267, 16467-16471. from 22.3 A in the open conformation (Figure 4b) or 23.0 A'in
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the closed (Figure 4a) to 35.4 A in the complex (Figure 4d). In not averaged, and it makes sense to characterize each conforma-
addition, UBA binding to the open Ubconformation is tion by its diffusion tensor. Thus one has to fit the calculated
accompanied by a 43rotation of the distal and 30of the diffusion tensor for each conformation to its experimental
proximal domain, and the total interdomain reorientation angle diffusion tensor (available, for example, from relaxation data
is 70°. The corresponding UBA-induced reorientations in the analysis), and this procedure is expected to yield meaningful
closed conformation are 24or the distal Ub and 46for the structural information about the interconverting states.
proximal, or 69 total. To further characterize the conformational The usefulness of the diffusion tensor as a structural constraint
transition involved in UBA binding, we analyzed these structures could be placed in a wider context, beyond its application to
using DynDont*® The analysis indicates that domain rearrange- multidomain systems demonstrated here. Because of the sen-
ment in the closed conformation of WiFigure 4a) upon UBA sitivity to the overall size and shape of the protein, the diffusion
binding can also be visualized as a combination of a 5.4 A tensor-based “long-distance” constraints can also be used to
translation and a 68rotation of one of the ubiquitins (e.g., improve general structure characterization for monomeric
proximal) about an axis which is parallel to the Ub/Ub interface proteins. As demonstrated in ref 8, the orientation dependence

(99.7% a closure axis) and goes through the-Ub linker (K48 of 15N relaxation rates can be used as orientational constraints

in the proximal domain), acting as a hinge in the process of for structure refinement of anisotropically tumbling monomeric

interface opening. proteins. The ability to evaluate the diffusion tensor at virtually
Utility of Rotational Diffusion Tensor as a Structural every step of protein structure calculai®mow opens the

Constraint. The results presented above demonstrate that thepossibility to use both the orientation and the principal values
overall rotational diffusion tensor can be used for structure of the tensor to drive the resulting structure to closely match
determination of multidomain proteins and protein complexes. the actual size and shape of the protein. Combined with the
The uniqueness of the approach proposed here is based on theite-specific relaxation data, this could allow a more accurate
diffusion tensor’s sensitivity to the overall shape of the protein orientation of the individual groups with respect to the overall
and on the availability of a large number of structurally well- shape of the protein. In addition, the inclusion of the diffusion
defined reporter groups within each domain. Because spintensor as a constraint could help improve the compactness of
relaxation senses both the axes of molecular tumbling and theNMR-derived protein structure’d,which is currently achieved
corresponding rates, the relaxation-based approach could be selfby including a radius-of-gyration-based term in structure refine-
sufficient for proper orientation and positioning of the domains ment. Unlike the radius of gyration, which is a scalar shape-
within a molecule. For example, even in the case of spherically nonspecific measure of the global size of the molecule, the
shaped individual domains, when the structures (a), (b), and diffusion tensor contains structural information specific to both
(d) in Figure 1 are all characterized by the same overall tumbling the size and shape of a protein.

time (and the principal values of the diffusion tensor), their - 1usions

rotational diffusion tensors are distinct, when expressed in the )
same coordinate frame. This is due to the fact that the NMR  HEre we presented a novel approach to structure characteriza-

relaxation data report not only on the rate of tumbling but also tion of m‘_J'“doma'” _systerrp b:_;lsed on structural information
on the orientation of the rotation axes relative to each domain, €ncoded in the rotational diffusion tensor. The results demon-

The approach described here assumes that (1) the structurétrate that the full informational content of the overall rotational
of the individual domains is known (e.g., is essentially the same d|ﬁu§|on tgnsor c.an be used .for structure det.er.mlnatlon of
as of the isolated domains) and (2) the domains tumble togethermumdoma'n proteins and protein complexes. This includes not

as a single moiety and not as completely independent “beadson'Y _th(_a ongnt_atlon of the domains b_ut_ _also thelr relative
on a flexible string”; i.e. the description of the system with the positioning within the molecule. The feasibility of this approach

common overall rotational diffusion tensor is physically mean- 'S demonstrated here for five protein systems, where our method
ingful. The validity of these assumptions for a particular reproduced their structures with very high accuracy. Detailed
multidomain system requires verification, as discussed in detalil testing of the 'pr.oposed method ShO,WS that it ensures conver-
elsewheré:41t is worth pointing out in this regard that, despite 9€"Ce Of the fitting procedure to a single domain arrangement
the large-amplitude opening/closing interdomain dynamics in N th0Se situations when the initial uncertainty in domain
Uby, to a good approximation the two domains do tumble and positioning is less than or comparable to the domain dimensions.
orient together, as inferred frotfN relaxation data and residual It should be emphasized that the proposed method provides
dipolar couplingg? a unique possibility for structure characterization of protein
The time scale of interdomain motion is an important factor SYStems with significant domain mobility, which might not be

to be considered when applying the proposed method to flexible amenable to other, more conventional structural methods, like
systems. If this motion is much faster than the overall tumbling, X-ray crystallography, NOE- and RDC-based NMR methods,

the latter will be characterized by an averaged (over all available and dockilr?gkazp(rjc.)a;hes.. In fﬁ‘Ct’ tk(;e applic;tion of thisfmet::od
conformations) diffusion tensor, and the information on the to Lys48-linked diubiquitin allowed us to determine, for the

relative interdomain orientations will be averaged too. Therefore fI'St time, the structure of the open and closed conformations
Dealed in eq 1 should represent a common diffusion tensor of this cham in solut|o_n and obtain a detall_ed_ picture of
averaged over the diffusion tensors calculated for different ck?nformatmr(]jal changer? in l;_JIl;mlI)uced by I;]gand br:nccijmgf). -LhL_js' ;
interconverting conformations. In the opposite case, when the ("€ Proposed approach could become the method of choice for

exchange is comparable to or slower than the overall tumbling strulggure gharactgruanog of |T<t|1erbentlydfleX|blg systerrs, like
(as in the case of Utconsidered here), the diffusion tensor is Multidomain proteins and weakly bound protein complexes.

(44) Kuszewski, J.; Gronenborn, A. M.; Clore, G. M.Am. Chem. S0d.999
(43) Hayward, S.; Berendsen, H.Broteins1998 30, 144—154. 121, 2337-2338.
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The current implementation of the method merely matches arbitrary scaling factor into the experimentally determined
the experimental and predicted diffusion tensors, and therefore,principal values of the tensor. It should be possible, however,
the results presented here should be considered as a proof-ofto use ratios (free of this scaling factor) of the principal
principle. A more accurate, high-resolution structure calculation components of the alignment tensors in a similar way to that
would require combining diffusion tensor information with other ~ described in this paper.
structural constraints (e.g., from NOEs, RDCs, contact surface  Acknowledgment. Supported by NIH grant GM065334 to
mapping etc), as well as the proper force field potentials D.F. We thank Prof. Nikolai Skrynnikov for kindly providing
accounting for the van der Waals, electrostatic, and other inter- the experimental NMR relaxation data for MBP. and Dr. Jennifer
actions. This can be achieved by incorporating our approach B. Hall for critical reading of the manuscript. Atom coordinates
into the existing structure determination and docking protocols, for the Uly conformations have been deposited with the Protein
which should be relatively straightforward and will be our future Data Bank (ID codes: 2PEA, 2PE9). The software used in this
goal. study will be available from the authors upon request.

The proposed concept could, in principle, be extended to  Supporting Information Available: Parameters of the overall
domain positioning based on residual dipolar couplings resulting rotational diffusion tensor obtained for MBP from the experi-
from molecular alignment. Indeed, in the case of steric forces, mental data; a figure depicting superimposition of the original
the molecular alignment reflects the shape of the molecule and,and fitted structures of HIV-1 protease and MBP; a figure
therefore, should be sensitive to the relative positioning (not demonstrating the dependence of the target function on domain
only orientation) of the domains. Computational tools for arrangement for 1BRS, 1A22, and 1LP1 structures; a table
predicting molecular alignment based on the structure have beerfiSting the diffusion tensor parameters predicted for these
developed? The situation is complicated here by the traceless- structures accompanied by a figure showing the orientation of

ness of the alignment (Saupe) tensor, which introduces anthe corresponding diffusion tensor axes; and a figure presenting
validation of the derived structure of the closed conformation

of Uby, using site-specific spin labeling. This material is available
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